Determination of the residual activity of insecticides is an essential component in the selection of an appropriate insecticide for indoor residual spraying operations. This report presents the results of a laboratory study to evaluate the residual bio-efficacy of four insecticides sprayed on the most common house-wall surfaces that occur in Egypt (wood, mud, and cement) against Phlebotomus papatasi (Scopoli, 1786) (Diptera: Psychodidae) and Culex pipiens Linnaeus, 1758 (Diptera: Culicidae). In total, 28,050 P. papatasi females and 31,275 Cx. pipiens females were subjected to the WHO cone bioassay. Effective and extended control (≥80% mortality) was produced by lambda-cyhalothrin on indoor wood and cement surfaces. Lambda-cyhalothrin effectively controlled (>80% mortality) P. papatasi and Cx. pipiens for 10 and 12 wk postspray on wood surfaces, respectively. Deltamethrin effectively controlled Cx. pipiens for 8 wk on indoor wood, mud, and cement surfaces. Indoor and outdoor-kept surfaces treated with permethrin and malathion provided negligible efficacy against P. papatasi and Cx. pipiens. Phlebotomus papatasi was better able to survive bioassay exposure than Cx. pipiens against all insecticides investigated. The role surfaces might play in inhibiting IRS-based vector control endeavors in rural areas in developing countries was highlighted in this study. The current insecticide labeling system that includes both sand flies with mosquitoes under the same dosage category should be revised periodically. ‫دعي‬ ‫ديدحت‬ ‫رثألا‬ ‫يقبتملا‬ ‫تاديبملل‬ ‫ةيرشحلا‬ ‫ًارصنع‬ ‫ًايساسأ‬ ‫رايتخال‬ ‫ديبم‬ ‫يرشح‬ ‫بسانم‬ ‫تايلمعل‬ ‫شرلا‬ ‫يلامثلا‬ ‫.يلخادلا‬ ‫ضرعي‬ ‫اذه‬ ‫ثحبلا‬ ‫جئاتن‬ ‫ةسارد‬ ‫ةيربتخم‬ ‫مييقتل‬ ‫ةيلعافلا‬ ‫ةيويحلا‬ ‫تايقبتمل‬ ‫ةعبرأ‬ ‫تاديبم‬ ‫ةيرشح‬ ‫دعب‬ ‫شرلا‬ ‫ىلع‬ ‫حطسأ‬ ‫ردجلا‬ ‫ةيلخادلا‬ ‫رثكألا‬ ‫ًامادختسا‬ ‫لخاد‬ ‫ينابملا‬ ‫يف‬ ‫رصم‬ ‫بشخلا(‬ -‫يمطلا‬ -‫)تنمسألا‬ ‫كلذو‬ ‫ةحفاكمل‬ ‫ةبابذ‬ ‫لمرلا‬ Phlebotomus papatasi ‫ةضوعبو‬ Culex pipiens. ‫مت‬ ‫ضيرعت‬ ‫يلامجإ‬ ‫ددع‬ 28050 ‫ثانإ‬ ‫ةبابذ‬ ‫لمرلا‬ Phlebotomus papatasi ‫57213و‬ ‫ثانإ‬ ‫ةضوعب‬ Culex pipiens ‫رابتخالل‬ ‫يئايحإلا‬ ‫يطورخملا‬ ‫ةمظنمل‬ ‫ةحصلا‬ ‫.ةيملاعلا‬ ‫رهظأ‬ ‫ديبم‬ ‫نرثلاهيسادبمال‬ ‫ةءافك‬ ‫ةيلعافو‬ ‫ةدتمم‬
Leishmaniasis, lymphatic filariasis, and malaria are arthropod-borne diseases of public health concern affecting Egypt. According to the Egyptian Ministry of Health and Population, 2,043 leishmaniasis, 126 filariasis, and 291 malaria cases were recorded in 2015. All reported cases were indigenous. Phlebotomus papatasi (Scopoli, 1786) (Diptera: Psychodidae) is the proven vector of cutaneous leishmaniasis in Egypt (Fryauff et al. 1993) . Culex pipiens Linnaeus, 1758 (Diptera: Culicidae), a common and widely distributed mosquito across Egypt, has been incriminated as the main vector of bancroftian filariasis (Southgate 1979) and the Rift Valley fever (Meegan et al. 1980) . Culex pipiens has also been implicated as a major vector of West Nile Virus (Andreadis 2012) . The vector control interventions of indoor residual spraying (IRS) and long-lasting insecticidal bed nets (LLINs) are key preventive measures for protecting against infection from vector-borne disease. IRS is a recommended and widely used strategy in the control of mosquitoes and is especially effective against anthropophagic and endophagic species responsible for disease transmission such as Anopheles gambiae s.s. Giles, 1902 , An. funestus Giles, 1900 , and Aedes aegypti (Linnaeus, 1762) (Diptera: Culicidae) (WHO 2000) . Monitoring insecticide resistance in a given population is important, because the efficacy of IRS is largely dependent on the proportion of vectors resting on the sprayed surface and the susceptibility of the vectors to the insecticide used (WHO 2006b ). The emergence of insecticide resistance of malaria vectors to insecticides threatens disease control efforts in sub-Sahara African countries (Chaccour et al. 2013) . Insecticide resistance has been recorded in malaria vectors in west Kenya (Wanjala et al. 2015) , Ethiopia (Asale et al. 2014) , Benin (Aïkpon et al. 2014) , and Tanzania (Mutagahywa et al. 2015) . Previous studies evaluating different types and dosages of IRS insecticides against sand flies revealed contradicting results. The epidemiological data in Nepal showed that IRS with dichlorodiphenyltrichloroethane (DDT), malathion, and lambda-cyhalothrin were not effective against sand flies after 10 yr of application (Joshi et al. 2003) . In Morocco, leishmaniasis control strategies involving IRS were found ineffective due to resistance of local sand fly populations to insecticides (Faraj et al. 2012) . In India, the use of DDT was found to be significantly effective in reducing the number of sand fly-borne visceral leishmaniasis ), though sand flies have exhibited a trend of decreasing susceptibility to DDT since the 1980s (Coleman et al. 2015) . Such inconsistency illustrates the range of sand fly susceptibility to IRS insecticides at different locations, the effect of substrate (sprayed surface composition) on insecticide longevity, and magnifies the importance of the current study to identify the best insecticide(s), formulations, and frequency of application to control sand fly-borne disease in Egypt. World Health Organization (WHO) susceptibility testing procedures were mainly designed for bioassay assessments against mosquitoes; the control of sand flies is often a by-product of malaria vector control programs (WHO 2010).
The persistence of insecticide sprayed on a surface varies with the type of insecticide, its formulation, and the type of surface (Ansari et al. 1997) . House characteristics and the type of housing construction were found to affect the IRS insecticides against malaria vectors in Siri Lanka (Konradsen et al. 2003) . The residual efficacy of insecticides against An. gambiae and An. funestus in Cameroon (Etang et al. 2011) and An. stephensi Liston, 1901 (Diptera: Culicidae) in India (Uragayala et al. 2015) varied according to the type of wall surfaces. Cement, mud, and wood are the most common indoor surfaces in use in Egypt. Cement-and wood-constructed housing is common in Egyptian urban areas, whereas brick construction is more common in rural communities. Mud bricks were found to be favored as diurnal resting sites by large numbers of adult sand flies in a village in Aswan Governorate in southern Egypt (Hogsette et al. 2008) .
Accordingly, this laboratory study was performed to provide information to guide IRS spraying actions in Egypt. The objectives were to assess the effectiveness of permethrin, malathion, lambdacyhalothrin, and deltamethrin against P. papatasi and Cx. pipiens applied to different wall surfaces. Malathion, lambda-cyhalothrin, and deltamethrin are recommended IRS insecticides by WHO (2011) . Permethrin and deltamethrin are commonly incorporated into LLINs to protect users from insect-borne disease. Thus, the persistence of these insecticides applied on wood, mud, and cement surfaces was investigated.
Materials and Methods

Insects
A susceptible laboratory colony of the sand fly P. papatasi (Tetreault et al. 2001 ) established from specimens collected from North Sinai, Egypt, in 1989 was used in this study. Flies were reared following the procedure described by Modi and Tesh (1983) , at 27 ± 2°C and 80% RH, and photoperiod at 12:12 (L:D) h throughout their development.
A susceptible laboratory colony of the mosquito Cx. pipiens established from specimens from Qualubyia Governorate, Egypt in 1986 was used (Zayed et al. 2006) . Mosquitoes were reared following the standard procedures described by Gerberg et al. (1994) at 27 ± 2°C, 80% RH, and photoperiod 14:10 (L:D) h.
Preparation of Wall Surfaces Tiles
Three types of wall surfaces, representing the most common wall types used in the Egyptian houses were tested: wood, mud, and cement. Wood tiles were constructed from wood frame with dimensions of ~50 cm × 15 cm with a wood bottom, suitable for holding WHO bioassay cones. Wood tiles with the same dimensions were used as a mold for constructing mud and cement blocks (50 cm width × 15 cm length × 5 cm height). For the mud surface, mud blocks (bricks) brought from a village in southern Egypt (Aswan Governorate) were left in water to make a paste. This method mimics the way mud building blocks were made in Upper Egypt and many rural areas in Africa. The mud paste was spread evenly across wooden tile and was left to dry for 2 d before use. For cement surfaces, two spades of sand with gravel was mixed with one spade of cement to make the cement mixture. Water was added to the dry mixture of sand, gravel, and cement to make a thick wet mixture. The mixture was poured onto wooden tiles and smoothed. Cement tiles were left to dry for 2 d before use.
Insecticide Application to Constructed Tiles
Four WHO-recommended insecticides for the control of malaria vectors (WHO 2006b (WHO , 2011 were tested, namely permethrin, malathion, lambda-cyhalothrin, and deltamethrin. The insecticides were supplied from CHEM SERVICE, Inc., West Chester, PA. WHOrecommended doses for each IRS insecticide used against malaria vectors are given in Table 1 . The WHO-recommended doses were advised for a surface area of 1 m 2 . The calculated surface area of each of the tiles used in the present study was 0.075 m 2 . The final dose of the insecticides sprayed onto each tile was adjusted accordingly. These doses were used for sand flies and mosquitoes as recommended by the WHO (2006a). The lyophilized active ingredients of each insecticide used were dissolved in 15 ml acetone to form working solution. Each tile was assigned for only one insecticide. For each insecticide tested, six tiles were prepared. These include two insecticide-treated tiles placed indoors, two insecticidetreated tiles placed outdoors, and one control tile placed indoors and one control tile placed outdoors (untreated). Insecticide was applied to the tiles using an atomizer (250 ml capacity). The insecticides and the control (solvent) were applied on tile surfaces using left-right strokes followed by up-down stroked to ensure complete coverage of tiles. During insecticide application, each tile was laid flat on the ground until it was completely dry.
Bioassay Test
According to the WHO (2006b) guidelines, colonized nonblood fed, susceptible female sand flies and mosquitoes were exposed for 30 min to a treated wall surface every second week for 20 wk using the WHO cone bioassay. Twenty-five females aged 3-5 d were introduced into each cone, ensuring that they made contact with the tile. The hole in the cone was then covered with a small cotton wad. After exposure, females were aspirated and transferred to carton cups where they were held for 24 h. Sand flies and mosquitoes were maintained in the insectary in conditions suitable for each as mentioned previously. Females were supported with a cotton wad soaked with sucrose solution (30% for sand flies, 10% for mosquitoes). Tiles were returned to their appropriate indoor or outdoor location after the completion of each bioassay. Bioassays were conducted on week 0 and week 1 and then every other week till no mortality was observed. The percent mortality was recorded 24 h after cone bioassay testing. Six replicates were done for each insecticide on each tile surface at each test interval. For each of the control bioassays, three replicates were used each with 25 females exposed to different tile surfaces sprayed with 15 ml acetone.
Data Analysis
Factorial ANOVA was used to test the effect of insecticides sprayed on different surfaces placed indoors and outdoors on the mortality rates of female P. papatasi and Cx. pipiens (IBM Corp. 2011). The WHO pesticide evaluation scheme (WHOPES) threshold of at least 80% mortality was used as cut-off point for acceptable residual efficacy and data below this threshold value was excluded from the statistical analysis. Results were considered significant at P ≤ 0.05.
Results
In total, 28,050 P. papatasi females (21,300 in the exposure tests and 6,750 in the control group) and 31,275 Cx. pipiens females (23,400 in the exposure tests and 7,875 in the control group) were subjected to cone bioassay to test the efficacy and residual activity of four WHO-recommended insecticides. The mortality rates recorded after exposure of sand flies and mosquitoes to control surfaces were always below 2%; accordingly, Abbott's formula (Abbott 1925) was not applied prior to statistical analysis. The results of the cone bioassays on permethrin-, malathion-, lambda-cyhalothrin-, and deletamethrin-sprayed surfaces placed indoors and outdoors against sand flies and mosquitoes are given in Fig. 1 . Generally, the highest mortality rates were observed at zero time and 1-wk postinsecticide application; then it started to decline until mortality approached 80% after 6-8 wk with permethrin and malathion and 18-20 wk with lambda-cyhalothrin and deltamethrin.
Results show that the duration of effectiveness of lambdacyhalothrin and deltamethrin in producing ≥80% mortality was met in 38.8 and 37.5% of the cases respectively. However, in cases of permethrin and malathion, the ≥80% mortality was met in 4.3 and 3.3% of the cases. Mortality percentages resulted from insecticidetreated wood and cement surfaces met the WHO bioassay criteria in 25.5 and 24.4% of the cases respectively; while it was observed in 16.8% of the cases on mud surface. The WHO bioassay criteria were fulfilled in 36.3% when insecticide-treated surfaces were placed indoors in contrast to 6.3% outdoors (Fig. 2) .
Phlebotomus papatasi
Only 17.5% of P. papatasi met with the WHO threshold criteria (mortality ≥80%). Permethrin and malathion residual efficacy on wood, mud, and cement surfaces indoors was below the WHOPES threshold. The duration of effectiveness of deltamethrin in producing ≥80% mortality was 2 wk on wood surface and 1 wk on cement surface. Lambda-cyhalothrin sprayed on wood surface produced the highest level of mortality indoors and the duration of effectiveness ≥80% was through week 12 (Table 2) .
Lambda-cyhalothrin and deltamethrin on wood, mud, and cement surfaces outdoors caused ≥80% mortality of P. papatasi at week 0. Permethrin was only effective on wood-treated surfaces at week 0. The mortality rates caused by these insecticides started to decline at week 1 and reached 2.6% at week 8 ( Fig. 1) . Malathion was ineffective on the three tested surfaces from week 0 until week 8.
Results of factorial ANOVA showed that insecticide efficacy is affected by the type of surface and the type of application. There was a significant interaction between the type of surface and type of insecticide used on the mortality percent of sand flies (F 2,140 = 27.81, P < 0.001). There was a significant main effect of the application type (indoors, outdoors) on sand fly mortality (F 1,140 = 52.32, P < 0.001).
Culex pipiens
In total, 27.1% of Cx. pipiens mosquitoes used in the cone bioassay experiments met with the WHOPES threshold criteria (mortality ≥80%). The results in Table 2 revealed permethrin and malathion caused ≥80% mortality at week 0 and week 1 on wood surfaces kept indoors, respectively. Lambda-cyhalothrin caused ≥80% mortality through 12 wk on wood surfaces and for 10 wk on cement surfaces kept indoors. Deltamethrin caused ≥80% mortality for 8 wk on wood, mud, and cement surfaces kept indoors. Wood and cement surfaces treated with lambdacyhalothrin kept outdoors caused effective mortality to mosquitoes for 1 and 2 wk, respectively. Fig. 2 . Mean mortality percentages of P. papatasi and Cx. pipiens exposed to four insecticides sprayed on different surfaces kept indoors and outdoors. Results of the factorial ANOVA showed insecticide efficacy was affected by surface and application type. There was a significant interaction between the surface type and insecticide type for mosquito mortality (F 4,238 = 5.22, P < 0.001). A significant main effect of the application type on mosquito mortality was recorded (F 1, 238 = 150.5, P < 0.001).
Discussion
The present laboratory study investigated the residual efficacy of four WHO-recommended insecticides. In order to obtain results most useful for IRS control of disease-carrying insects in the Egyptian environment, we assembled most of the commonly used materials for house construction including mud that was transported from Aswan Governorate in the south valley where adult sand flies were reported to rest more frequently on this type of brick (Hogsette et al. 2008) . Effective control (measured by mortality ≥80%) was produced by lambda-cyhalothrin on indoor wood surfaces against P. papatasi and Cx. pipiens laboratory populations. The efficacy range of lambda-cyhalothrin extended for 10 wk for sand flies and 12 wk for mosquitoes. Lambda-cyhalothrin had a shorter period of effective mortality against the New World sand fly, Lutzomyia ovallesi (Ortiz 1952) (Diptera: Psychodidae) on indoor wood surface in Venezuela, where the residual effect lasted for only 7 wk (Feliciangeli et al. 2003) . Lambda-cyhalothrin effectively controlled An. gambiae for more than 26 wk post-IRS on wood surfaces in Cameroon (Etang et al. 2011 ) and for 16 mo in Kenya (Mulambalah et al. 2011) . In Brazil, lambda-cyhalothrin efficacy lasted for 8 wk on wood surfaces against wild Anopheles mosquitoes (Santos et al. 2007 ). However, effective lambda-cyhalothrin duration on cement surfaces was less than 8 wk for sand flies and 10 wk for mosquitoes. Minimum duration of effective action of lambda-cyhalothrin was observed on mud surfaces for both sand flies and mosquitoes. This might be due to possible increased insecticide degradation due to mud substrate pH (Mutagahywa et al. 2015) , or absorption of active ingredient below the treated surface reducing the amount readily available to control resting insects.
Our results showed the efficacy range of deltamethrintreated wood surfaces against P. papatasi was only 3 wk before it dropped down below an effective mortality range (<80%) on week 4. Deltamethrin showed promising results against leishmaniasis vectors when applied in Iran (Abbas et al. 2013 ) and it significantly reduced sand fly densities for at least 5 mo irrespective of wall type in Bangladesh (Joshi et al. 2009 ). The present study also revealed that deltamethrin had an efficacy of 8 wk on wood, mud, and cement-treated surfaces kept indoors against Cx. pipiens. Pates and Curtis (2005) pointed out that IRS is seldom applied as a control method against Culex and Aedes mosquitoes mainly due to their outdoor resting habits. In Egypt, however, Cx. pipiens is mainly endophilic with similar indoor and outdoor biting behavior (Beier et al. 1986b ). The residual activity of deltamethrin on wood surface lasted for 8 wk against An. stephensi in Iran (Raeisi et al. 2010 ) and lasted for more than 10 wk against An. gambiae in Cameroon (Etang et al. 2011) . Differences between our findings and previous studies might be attributed to differences in environmental conditions between field application and laboratory conditions, insecticides used, and insect species. It is unknown whether differences might be attributed to the relative genetic homogeneity (or heterogeneity) in the colonized flies used in the present study versus wild-caught flies used in other studies.
All insecticides investigated in the present study showed shorter or no persistence when applied on mud surfaces. Insecticides lose their activity mainly due to the fast absorption on porous surfaces like mud (Etang et al. 2011) . Our study sheds light on the role surfaces might play in inhibiting the effectiveness and efficacy of IRSbased vector control endeavors in rural areas in developing countries, particularly where mud surfaces are widely used as building material. Building material should be included as a risk factor in the epidemiological formula of vector-borne diseases as it can significantly influence the success of vector control and outbreak response programs. In designing vector control programs, attention should be given to the building materials used in the targeted foci, and the insecticide and application method used must be tailored accordingly. According to the WHO (2011), the duration of effective action of lambda-cyhalothrin was 12-24 wk. The shorter duration of effective action of lambda-cyhalothrin on sand flies compared with mosquitoes might be due to a higher susceptibility of the original field-collected mosquitoes to lambda-cyhalothrin. Both the mosquito and sand fly colonies in this study were derived from field-collected specimens and developed as homogeneous laboratory colonies; however, sand flies are characterized by short 'hopping' flights, and wild populations could have evolved a low level of resistance after continuous and repeated exposure to insecticide residues.
The duration of effective action of all insecticides investigated was always less than that reported by the WHO (2006b) insecticide evaluation scheme. One reason for this is our study design was to evaluate technical grade insecticides rather than commercial formulations (e.g., wettable powder or emulsified concentrates) which allowed for an analysis of comparative toxicity between the insecticides. Commercial insecticide formulations might contain inert compounds that increase the effectiveness and longevity of the insecticide on different surfaces, but differences between formulations of the same insecticide would have confounded our results. Based on our results, the spraying cycles for sand flies may not exceed 10 wk for lambda-cyhalothrin on wood surfaces and 8 wk on cement surfaces. The survival estimates of permethrin, malathion, and deltamethrin in the case of sand flies were very short; however, this information is helpful for decision making. Generally, P. papatasi was more resistant than Cx. pipiens. Fawaz et al. (2016) revealed that genetically, the mechanism of pyrethroid resistance in P. papatasi differed from mosquitoes. In Turkey, wild populations of sand flies were found susceptible to deltamethrin and permethrin (Karakuş et al. 2016) . In this study, mosquitoes were controlled with deltamethrin for 8 wk on the three tested surfaces. Statistical analysis of the data revealed that the persistency of insecticides, as revealed by mortality is dependent on the type of surface sprayed and type of insecticide used. Variation in the residual efficacy of insecticidetreated surfaces against An. gambiae s.s. was also noted by Etang et al. (2011) .
Outdoor resting sites can be sprayed as well if peridomestic vector species are involved (WHO 2010). This is particularly important where mosquitoes or sand flies rest in animal shelters close to occupied homes or where open eaves exist between house walls and roofs. P. papatasi and Cx. pipiens are peridomestic species in Egypt (Beier et al. 1986a,b) . Accordingly, the present laboratory study is the first study in Egypt to evaluate the residual efficacy of insecticides kept outdoors and tested against these sand fly and mosquito species. Deltamethrin and lambda-cyhalothrin were the only effective insecticides against Cx. pipiens on outdoor-kept cement surfaces; however, ≥80% mortality was not observed beyond 1 wk for deltamethrin and 2 wk for lambda-cyhalothrin. Permethrin and malathion showed very low residual activity on all surfaces placed indoors and outdoors and against P. papatasi and Cx. pipiens. Similarly, the duration of residual insecticides against P. papatasi differed considerably on tent surfaces stored indoors and outdoors (Zayed et al. 2013 ).
In conclusion, this laboratory study provides the first baseline data for IRS application against P. papatasi and Cx. pipiens in Egypt. Lambda-cyhalothrin was the most effective and stable insecticide against P. papatasi and Cx. pipiens on indoor-kept wood, mud, and cement surfaces. Deltamethrin was equally effective for IRS against Cx. pipiens on all tested surfaces. Permethrin and malathion IRS of all tested surfaces did not provide adequate protection against sand flies and mosquitoes in Egypt. Our results indicate that IRS is most effective for indoor wall surfaces and is ineffective for outdoor application. Phlebotomus papatasi is less susceptible to the four insecticides investigated than was Cx. pipiens at WHO-recommended doses. We recommend that the current labeling system of insecticides which comprise sand flies and mosquitoes under the same dose category be revised. More work is needed to determine effective IRS doses against sand flies in Egypt. Further investigations are needed to study the efficacy of insecticides on painted wall surfaces.
